Summary. Melanin pigments in lower vertebrates are often found in locations other than the skin, thus forming an extracutaneous pigmentary system of unknown function. The cellular and biochemical structure of this system is still poorly characterized. This paper deals with the ultrastructural and biochemical features of the melanogenic system of Xenopus laevis. Melanin containing cells were identified in the dorsal and ventral skin, and in the lung, spleen, liver and connective tissue surrounding blood vessels. The pigment cells in the skin and the lungs appeared to be typical melanocytes. The spleen contained isolated melanocyte-like cells, but most of the pigment cells present in this organ were associated with melanomacrophage centers. Conversely, the liver appeared devoid of melanocytes and only displayed melanomacrophage centers. Tyrosinase activity was found in all pigment-containing organs except the liver. All organs containing tyrosinase activity also displayed melanin formation potential from L-tyrosine. Therefore, tyrosine hydroxylase and melanin formation activities could be detected only in those organs containing typical melanocytes but not in locations such as the liver, where only melanomacrophages centers were found.
Vertebrates possess two types of pigment cells belonging to different cell lineages. The retinal pigment epithelium originates from the outer neuroectodermal sheath of the eyecup, whereas the melanocytes of the skin, hair bulbs, inner ear (RAWLES, 1953) and the uvea (HEIMANN, 1972; OZANICKS et al., 1978; TORCZYNSKI, 1982) migrate from the neural crest (SCHRAERMEYER, 1996) . The variety of pigment patterns of lower vertebrates develops from progenitor neural crest cells, which migrate in specific locations in response to a complex array of intercellular and extracellular cues (LE DOUARIN, 1982; BAGNARA, 1987) . The neural crest-derived precursor cells also migrate to other body regions to there differentiate (DUNKER, 1985; HOUILLON and BAGNARA, 1996) .
In Reptilia, Amphibia and other lower vertebrates, the melanocytes are mainly located in the skin (TREVISAN et al., 1991; DENEFLE and LECHAIRE, 1992) , but melanin pigment can also be found in large amounts in visceral localizations (GEREMIA et al., 1984) such as the liver (CICERO et al., 1989; ZUASTI et al., 1990; SICHEL et al., 1997) , kidney (ZUASTI et al., 1989) , spleen (ZUASTI et al., 1990) , peritoneum, around blood vessels (ZAGAL'SKAIA, 1994) , and in other structures, particularly in certain regions of the brain and in the inner ear. Therefore, in addition to the skin, a complex and most likely heterogeneous extracutaneous pigmentary system must be considered.
Ultrastructurally, this extracutaneous pigment system most often consists of nodules formed by large aggregates of melanin-containing cells that resemble macrophages.
These nodules have therefore been called melanomacrophage centers, since they were thought to originate from the phagocytic activity of macrophages that accumulate melanin synthesized elsewhere (AGIUs, 1985) . However, there is a wide variation among species in the distribution and form of extracutaneous melanins, whose biosynthetic pathways and functions remain controversial.
Melanosynthesis has been reported in Kupffer cells from the amphibian liver (SICHEL, 1988; CICERO et al., 1989; SICHEL et al., 1997) . These authors claim that such cells should not be considered as simple macrophages, but should be included in the extracutaneous pigmentary system. However, the biosynthetic pathway operating in these cells has not been fully characterized and, if present, can be different from the one found in melanocytes. In a previous investigation on the extracutaneous pigmentary system of the teleost fish, we were only able to demostrate This work has been supported by grant SAF97-0167, from the Ministerio de Educacion y Ciencia, Spain. **+Celia JIMENEZ -CERVANTES is recipient of a fellowship from Caja Murcia, Murcia, Spain. 306 A. ZUASTI et al.: tyrosinase and melanin biosynthesis activity in those organs whose pigmented cells were morphologically identifiable as melanocytes (ZUASTI et al., 1989) . Conversely, in those organs that were found negative with respect to tyrosinase activity and melanin synthesis from L-tyrosine, the few pigmented cells resembled melanomacrophage centers containing phagocyted melanosomes.
Therefore, at least in teleost fish, tyrosinase-dependent melanin synthesis seems to be restricted to melanocytes.
The present study was undertaken to describe the ultrastructure of the extracutaneous melanogenic system in an amphibian, Xenopus laevis, and to verify whether tyrosinase-dependent melanin synthesis is associated exclusively with melanocytes or can also be demonstrated in melanomacrophage centers.
MATERIALS AND METHODS
Ten adult and healthy specimens of Xenopus laevis were anaesthetized with ether and killed by decapitation. The cardiovascular, lymphatic, endocrine, urinary, reproductive, digestive, respiratory and nervous systems, and the dorsal and ventral skin were quickly removed and processed for optical, ultrastructural, and biochemical studies.
Samples for light microscopic study were fixed by immersion in 10% buffered formalin or Bouin's solution at room temperature for 24 h. Dehydration was performed through a graded series of ethanol, with samples embedded in paraffin. The paraffin blocks were sectioned in 5, um thick slices and stained with hematoxylin-eosin.
Histochemical techniques for the detection of different kinds of pigments were Perl's for iron determination and Schmorl's for melanin determination (BARKA and ANDERSON, 1967) . The slides were examined in a Nikon Diaphot TMD microscope.
Samples for electron microscopy observations were fixed for 3h at 4C in 3.5% glutaraldehyde buffered at pH 7.4 in a 0.1 M sodium cacodylate solution containing 0.05 M CaCl2. The fragments were postf fixed for 1h in buffered 1% osmium tetroxide, washed with 0.1 M cacodylate buffer, dehydrated and embedded in Epon resin. Ultrathin sections, obtained with a LKB ultratome III, were stained with uranyl acetate and lead citrate, and examined in a Zeiss EM 10 C electron microscope.
For biochemical analysis, samples of the spleen, lung and liver were weighed and homogenized in isotonic buffer (0.25 M sucrose, 0.1 mM EDTA, 10 mM phosphate buffer, pH 6. 8), immediately after excision. All manipulations were carried out at 4C.
The homogenate was centrifuged at 700xg, 10 min, and the pellet was discarded. The resulting supernatant was centrifuged at 105,000xg, 1 h. The supernatant was taken as a soluble fraction. The pellet was solubilized by resuspension in 1% Nonidet P40, in 10 mM phosphate buffer, pH 6. 8, and considered as particulate fraction. Samples from dorsal and ventral skin were obtained by the same procedure, except that homogenization was performed by grinding the weighed tissue in a mortar containing acid-washed sea sand. Tyrosine hydroxylase activity was determined by the radiometric method by POMERANTZ (1964), modified by JARA et al. (1988) . This method is based on the release of tritium from (3, 5-3H)-Ltyrosine as a result of the tyrosinase-catalized hydroxylation of L-tyrosine to L-dihydroxyphenilalanine (L-dopa). Melanin formation was measured by following the incorporation of 14C-labelled L-tyrosine into acid insoluble material as previously described (JARA et al., 1988) . Protein was quantified by the bicinchoninic acid method using bovine serum albumin as a standard.
RESULTS
The light microscope revealed significant differences in the number, distribution, and morphology of the pigment accumulations in the different organs of X. laevis. There were numerous black pigments in the dorsal skin and in the interstitium of the spleen, while these were scanty in the ventral skin, in the liver, and in the connective tissue of the lung. On the other hand, there were accumulations of both brown and black pigments in the interstitium of the spleen and liver (Fig. lad) . Black pigmented granules could also be found in the connective tissue around blood vessels in the heart, brain, kidney and reproductive and digestive systems. They were absent in the interstitium of these organs.
In the pigmented dorsal skin, isolated melanocytes were found both in the dermis and in the epidermis. Dense aggregates of melanin containing cells forming black Schmorl's positive pigments were present under the basal lamina of the epithelium and in the connective tissue of the dermis. The melanocytes of the epidermis were located among the keratinocytes (Fig. 2a) ; these were oval cells with heterochromatic nucleus, small prolongations and several melanosomes in the cytoplasm. The cytoplasm contained some mitochondria, scarce cisternae of endoplasmic reticulum, and vesicles of a small Golgi apparatus. The most common organelle in the cell body were uniformly electron-dense melanosomes. The dermal processes. The cytoplasm contained scarce organelles and numerous, oval, highly electron-dense melanosomes of different sizes (Fig. 4) .
Histochemical tests could distinguish two kinds of pigments found randomly distributed in the spleen. One type was formed by accumulations of brown pigments as stained with hematoxvlin-eosin (Fig. la) . These pigments were positive for Perl's staining (Fig.  1b) and were confined in groups of cells surrounded by a thin capsule of connective tissue (Fig. 5a ). The cytoplasm of these cells contained large, clear, amorphous areas, as well as melanin granules and cellular debris (Fig. 5a) . The second type of pigment was found in pigment cells that were black after hematoxylin-eosin staining and that were positive for the melanin-specific Schmorl's stain (Fig. 1c) (Fig. 6 ).
Tyrosine hydroxylase and melanin formation activity was detected in the spleen, lungs, and skin, but not in liver extracts. Figure 7 shows the tyrosine hydroxylase and melanin formation activities detected after 8 days of maturation in different organs. The activity was specifically associated with the particulate fraction in extracts from all the organs tested. Only in the spleen could a residual soluble activity be detected, accounting for less than 6% of the total tyrosine hydroxylase present in the extract (data not shown). Immediately after homogenization in an isotonic buffer, the enzyme was obtained in an inactive, probably proenzymatic form, and the enzymatic activity was barely detectable 24 h after preparation of the extracts. After solubilization of the particulate fraction, a slow activation was observed (Fig. 7) . The highest activity corresponded to spleen extracts (75 mU/g wet tissue at day 8, versus 30 mU/g at day 6) followed by the lung (12 mU/g wet tissue at day 8, versus 2. 0 mU/g at day 6) and skin (7. 5 mU/g wet tissue at day 8, versus 2. 0 mU/g at day 6 for ventral skin, and 3. 4 at day 8, versus 0. 7 at day 6 for dorsal skin). Interestingly, the tyrosine hydroxylase activity measured "in vitro" was lower in dorsal than in ventral skin, while the opposite was true for melanin formation activity, thus suggesting the presence of factors different from tyrosinase acting on the rate of pigment formation. since melanin synthesis within these organs appeared to proceed through tyrosinase-independent pathways (BENEDITO et al., 1997) . GOPALAKRISHNAKONE (1986) described the presence of melanocytes only in the mesenteries, around the nerves and blood vessels, in addition to the skin. However, since other neural crest-derived cells, such as Schwann cells, reach most regions of the body, the finding of melanocytes in a variety of extracutaneous locations is not surprising. In X. laevis, melanocytes appear during metamorphosis and remodelling of the anuran skin at stages 33-34 (age 1 day 20 h, 4, 7-5, 3 mm length) and spread throughout the body at stage 43 (age 3 days 15 h, 7. 5-8. 3 mm length) (NIEUWKOOP and FABER, 1967) .
DISCUSSION
Concerning the nature of the pigment-containing cells, the pigmented cells in the skin and the lung appear to be typical melanocytes. These cells are clearly identified by the presence of melanosomes in different stages of maturation, and therefore able to assemble this specialized organelle (FITZPATRICK et al., 1966) . Conversely, and even though the spleen contains some isolated melanocyte-like cells, most of the pigmented cells present in this organ resemble melanomacrophage centers. Finally, no isolated pigmented cells with the typical melanocyte morphology were found in the liver, although this organ contains melanomacrophage centers with a group of melanocytes, llpldlc vacuoles and cellular debris, thus identifying these structure as sites of phagocytic activity. Interestingly, tyrosine hydroxylase activity could only be detected in those tissues containing individual melanocytes, thus suggesting that, at least in X. laevis, melanomacrophage centers are not able to carry out active melanogenesis through the well known tyrosinase pathway. However, the possibility of the occurrence of active melanogenesis in organs devoid of typical melanocytes can not be ruled out merely on the basis of the absence of demonstrable tyrosinase activity. In fact, SICHEL et al. (1997) have recently reported strong evidence suggesting that Kupffer cells in the liver of amphibians actively build and degrade melanosomes and synthesize melanin. It should be noted, though that these authors found evidence of active melanogenesis in the liver of albino Xenopus laevis. This suggests that, within these cells, melanogenesis proceeds by a still uncharacterized and tyrosinase-independent pathway, and is therefore compatible with our observations. We could find pigmented cells in both in the epidermal and in the dermal layers of the skin. In keeping with this observation, YASUTOMI (1987) showed the migration of epidermal melanophores to the dermis during metamorphosis is Rana japonica. In X. laevis, the number of melanocytes is much higher in dorsal skin than in ventral skin, a finding that correlates with visual pigmentation.
However, ventral skin melanocytes are pigmented, just like their dorsal counterparts.
This observation does not confirm a previous report from OHSUGI and IDE (1983) , but is in agreement with our finding of tyrosine hydroxylase activity in dorsal as well as ventral skin samples. Moreover, we have found evidence of the transfer of melanosomes to the cytoplasm of the surrounding keratinocytes in ventral and dorsal skin. Similar findings were reported by others in studies of the skin of Salamandra (PEDERZOLI and TREVISAN, 1990; TREVISAN, 1991) . All these observations suggest that ventral skin of X, laevis has the potential to carry out melanin synthesis, although it remains largely unpigmented. The basis for this inhibition of melanogenesis in a tissue that apparently possess full melanogenic potential remains to be determined, although an asymmetric distribution of melanization inhibiting factors such as those described by FUKU-ZAWA and IDE (1988) and FUKUZAWA and BAGNARA (1989) appears likely.
Concerning extracutaneous locations of pigment deposition, the lungs of X. laevis contain pigmented cells with a typical melanocyte-like morphology, located in the alveolar trabeculae and along larger blood vessels. This finding is consistent with previous reports on the pigmentary system of various amphibian species (GONIAKOWSKA-WITALINSKA, 1995) . The ultrastructural features of these cells are similar to those described for the melanocytes by BAGNARA and HADLEY (1969) . It has been suggested that melanocytes play an important role in the thermal regulation of reptiles (GOPALAKRISHNAKONE, 1986) . In X. laevis lungs, the melanocytes contain melanosomes of different shape and degree of melanization. This observation suggests that active melanogenesis proceeds in this location, thus giving rise to a progressive pigment deposition within the melanosomes. In keeping with this, and even though the number of lung melanocytes is low, the tyrosine hydroxylase activity in lung extracts was high, more so than in skin extracts.
As opposed to the lungs, pigments within the spleen of X. laevis can be found both in individual, melanocyte-like cells, and in melanomacrophage centers. Isolated melanocyte-like cells are preferentially found in association with hematopoietic tissue, and, as in the lungs, they contain melanosomes with different degrees of melanization. In accordance with this, tyrosine hydroxylase activity is high in this tissue. These findings suggest active melanin synthesis. Granular components of melanomacrophages are generally considered secondary lysosomes, arising from the degradation processes associated with macrophages. The melanomacrophage centers of X. laevis spleen are reminiscent of the melanin macroglobules described by NAKAGAWA et al. (1984) and of the melanomacrophages found by AGIUS and AGBEDE (1984) and ZUASTI et al. (1990) . It is possible that the origin of the melanosomes in the spleen of X. laevis results from aged melanocytes engulfed by macrophages, the subsequent posterior migration of the melanized macrophages leads to the nodules of melanin accumulation. This could represent the normal means for removing older pigment cells (ANDERS et al., 1980) . Of all the tissues tested, the tyrosine hydroxylase activity of spleen extracts was highest in terms of units per weight of wet tissue. Our results do not allow us to discriminate whether or not active tyrosinase is found in melanocytes and the melanomacrophage centers, or only in typical melanocytes. However, the liver of X. laevis contained only melanomacrophage centers and does not display any measurable tyrosine hydroxylase activity. These findings suggest that the activity in spleen extracts is associated with typical melanocytes, rather than with the melanomacrophage centers. The tyrosine hydroxylase activity in all the organs tested was extracted as a mainly inactive form that underwent a slow activation process upon aging of the extracts at 4t. Tyrosinase has been found as an inactive precursor in the epidermis of amphibians (BARISAS and MCGUIRE, 1974; MIKKELSEN et al., 1975) and in the haemolymph of some insects (ASHIDA and OHNISHI, 1967) . The process of protyrosinase activation has been extensively studied in the frog. Protyrosinase from Rana esculenta skin can be activated either by limited proteolysis (PENAFIEL et al., 1982; GARCIA-BORRON et al., 1982) , or by light (MIKKELSEN et al., 1975) . Proteolytic activation involves the removal of a small peptide from the protein. A similar Proteolytic activation might account for our observation in X, laevis extracts. However, other possibilities cannot be ruled out, since in other more distantly related systems, such as mouse melanoma cells in culture (FULLER, 1987) and extracts from the pigmented stria vascularis of the gerbil (BENEDITO et al., 1997) , the tyrosinase activation process appears related to the removal of an inhibitor, probably also mediated by proteolytic events.
In addition to this activation process, the melanogenic system of X. laevis appears complex, in that other factors different from tyrosinase must necessarily be involved to account for the observed data. On one hand, ventral skin extracts display tyrosine hydroxylase levels comparable or even higher than those found for dorsal skin, but, as opposed to the dark dorsal skin, ventral skin remains largely unpigmented. Similar observations have been reported by others (CHAVIN, 1969) , and may be explained on the basis of the existence of localized inhibitory peptides The Melanogenic System of Xenopus laevis 315 (FUKUZAWA and IDE, 1988; FUKUZAWA and BAGNARA, 1989; FUKUZAWA et al., 1995; LOPEZ-CONTRERAS et al., 1996) . On the other hand, the tyrosine hydroxylase and melanin formation activities detected in the different tissues under study do not always correlate, even though tyrosine hydroxylation is the rate limiting reaction in the pathway. This observation suggests that still uncharacterized factors acting on reactions distal to tyrosine hydroxylation are involved in the control of the rate of the melanogenic pathway. The identification of these factors requires further studies.
In conclusion, we have shown that the melanogenic system of X, laevis is complex both at the structural and the biochemical levels. Ultrastructurally, melanin pigments are found in association with melanocytes and at least two types of melanomacrophage centers, in extracutaneous locations. Biochemically, available evidence points to the involvement of localized regulatory peptides, as well as distal factors, in addition to tyrosinase. Moreover, our results confirm previous studies in teleost fish, in that tyrosinase activity can be found only in those organs containing typical melanocytes, and is most likely absent in melanomacrophage centers.
